22 Rod-shaped bacteria typically grow first via sporadic and dispersed elongation along 23 their lateral walls, then via a combination of zonal elongation and constriction at the 24 division site to form the poles of daughter cells. Although constriction comprises up to 25 half of the cell cycle, its impact on cell size control and homeostasis has rarely been 26 contributes to both size control and homeostasis, by determining elongation during 32 constriction, and by compensating for variation in pre-constriction elongation on a 33 single-cell basis. 34 of the inner membrane and divisome proteins (FtsZ-GFP, FtsW-GFP) with time-lapse SIM 109 ( Figure 1A , Movies S1-S3) on a synchronized population of cells. We used automated image 110 analysis to quantify cell shape parameters during the cell cycle ( Figure 1B, Figure S1 , 111 Methods). The overall cell length relative to the wild-type strain was shorter for FtsW**I* and 112 longer for fosfomycin-treated cells, consistent with previous studies [18,28] (Figures 2A, S2A, 113 B). 114 6 115 116 Figure 1: Experimental strategy and constriction-related models for modulation of cell size.
considered. To reveal the roles of cell elongation and constriction in bacterial size 27
regulation during cell division, we captured the shape dynamics of Caulobacter 28 crescentus with time-lapse structured illumination microscopy and used molecular 29 markers as cell-cycle landmarks. We perturbed constriction rate using a 30 hyperconstriction mutant or fosfomycin inhibition. We report that constriction rate 31
Introduction 35
Cell size regulation is observed nearly universally among prokaryotes [1] , allowing them 36 to both control their size at birth and to homeostatically maintain it over multiple generations 37 [2] . Cell size control and homeostasis are critical for survival: once too small, cells lack the 38 volume required to host the essential machinery of life [3] or initiate chromosome segregation 39 [4] , whereas cells that are too large may suffer limitations in nutrient uptake [5] and distribution 40 [6] because of their reliance on diffusive transport. 41
Size regulation is the outcome of multiple sequential processes that take place during 42 the cell division cycle. Progression through the cell cycle is marked by several key processes, 43
including chromosome replication, segregation, and division into two daughter cells. These 44 processes occur once per cell cycle in bacteria such as Caulobacter crescentus [7] , in contrast 45
to rapidly proliferating organisms such as Escherichia coli [8] and Bacillus subtilis in which cells 46 often have multi-fork replication and which can, following nutrient up-shifts, initiate replication 47 multiple times in a single cell cycle. In C. crescentus, differentiation from a swarmer to a stalked 48 cell and the initiation of chromosome replication and segregation mark the transition from cell 49 cycle phase G1 to S. The completion of replication marks the end of S phase. Once DNA 50 segregation is completed, cells finish cytokinesis to form sibling stalked and swarmer cells 51 during G2/M [9] . 52
From the perspective of the cell wall, individual C. crescentus cells elongate 53 exponentially throughout the cell cycle, as is typical for rod-shaped bacteria. Their growth is 54 divided into a stage of pure elongation as peptidoglycan is inserted sporadically along the 55 lateral walls, followed by a stage of mixed elongation and constriction in G2/M phase during 56 which peptidoglycan is inserted at mid-cell to build two new poles [10, 11] . Each stage governed 57 by largely independent molecular machines. In B. subtilis, when cells are on average longer at 58 the onset of constriction, they are also on average longer at division [12, 13] . This suggests a 59 simple model for cell size control, by modifying the cell length at which the divisome, the multi-60 protein complex which guides division, begins to generate constriction. Another possibility is 61 that the rate of constriction is modulated; this was shown to be the case for MatP, which 62 coordinates chromosome segregation and pole construction in E. coli [14] . 63
Several checkpoints have been proposed to couple bacterial cell size homeostasis to 64 cell cycle phases. Shortly after entry into S phase, chromosome segregation must initiate 65 before the cytokinetic Z-ring can assemble at mid-cell, coordinated by the gradient-forming 66 FtsZ inhibitor MipZ [15] . In E. coli, the initiation of chromosome replication requires a fixed 67 volume per origin of replication, leading to a "sizer" [16] . Chromosome replication in G1/S may 68 take a constant duration, referred to as a "timer" [8] . Putative molecular mechanisms have 69 generally relied on the accumulation of proteins above a threshold, such as an "initiator" 70 triggering replication [17] , or excess peptidoglycan (PG) cell wall precursors triggering 71 constriction [18] . A model of the latter case predicts a constant addition of volume per cell 72 cycle, or "adder". Indeed, an adder has been observed for C. crescentus under a wide range 73 of growth conditions [19] . Deviations from a pure adder toward a mixed relative timer and adder 74 have also been reported for stalked cells, observed over many generations and a range of 75 different temperatures [20] . Any model incorporating a sizer or adder will allow smaller cells to 76 increase while larger cells decrease in size over generations until both converge to a size set 77 by the constant of addition [21] . Thus, both provide a clear means for a population to achieve 78 size homeostasis. 79
Remarkably, although constriction makes up a significant portion of the cell cycle in 80 many bacteria [22] , its impact on cell size control and homeostasis has rarely been considered. 81
Intriguingly, budding yeast may use constriction rate to modulate their size in response to 82 changes in growth conditions [23] . However, a single-cell study of the contribution of the 83 constriction stage in bacteria has been challenging, in part due to the diffraction-limited size of 84 the constriction site, and the need for corroboration by divisome markers to unambiguously 85 identify constriction onset. Furthermore, direct measurement of the instantaneous constriction 86 rate has not been possible. 87
Here, we investigated whether, and how cells adjust their constriction rate to achieve 88 cell size control and homeostasis. We used structured illumination microscopy (SIM) [24] to 89 resolve the constriction site diameter and measure the size of synchronized C. crescentus cells 90 as they progressed through their cell cycle. We show that perturbing the constriction rate 91 changes cell size, independent of elongation rate. Furthermore, we found that within a 92 population the onset of constriction and its rate are coordinated: cells that elongate more than 93 average before constriction undergo a more rapid constriction, leading to less elongation 94 during constriction, and vice-versa. This compensation leads to a higher fidelity adder than 95 permitted by onset control alone, allowing C. crescentus to better maintain its size in the face 96 of biological noise. 97
Results 98

Perturbing constriction rate changes cell length 99
To test the role of constriction, we perturbed its rate pharmacologically and genetically. 100 resulted in a gain-of-function phenotype in C. crescentus [28] . It was hypothesized that these 105 mutations maintain the enzymes in their active state, and thereby would increase the 106 constriction rate [28] . 107
We resolved cell shape dynamics during the cell cycle by performing dual-color imaging 108 demonstrated that constriction rate modulation can be a mechanism for cell size control, 140 independent from onset modulation [12, 13] . We found that individual cells continued to elongate at the same rate during 159 constriction, although different perturbations modulated their constriction rate. Thus, faster 160 constriction as in the case of FtsW**I* implies cells should have shorter, blunter poles, while 161 slower constriction as in the case of fosfomycin treatment implies they should have longer, 162 sharper poles. Indeed, kymographs show a more extended gradient in cell width at the poles 163 of fosfomycin-treated cells ( Figure 2E ). In contrast, FtsW**I* cells show a steeper gradient at 164 the poles. This was confirmed quantitatively by measuring the radius of curvature at the poles 165 ( Figure 2F ). Furthermore, a population-wide analysis of pole shape demonstrated that over 166 95% of the total shape variance is accounted for with two principle shape modes, which 167 primarily capture variation in the length and bluntness of the poles ( Figure 2G ). FtsW**I*, 168 fosfomycin-treated, and WT cells were all distinct along each of these shape axes. We also 169 observed differences in the width of the Z-ring, which appears laterally extended in the 170 fosfomycin case ( Figure S2G ). This may result from changes in length at constriction onset, 171 since the region of lowest MipZ concentration will be more extended in longer cells [15] . 172
Elongation before and during constriction compensate one another 173
To better decipher the relative role of the constriction rate in cell size regulation we 174 further analyzed its contribution to cell size homeostasis. Our experiments were designed to 175 precisely measure the relative contributions to total elongation, and not to distinguish between 176 different general models of homeostasis, which would require measurement over thousands 177 of generations. We found that cells elongated with a distinct mean value for each condition 178 ( Figure 3) , and that the more individual cells elongated before, the less they elongated during 179 constriction across all conditions tested (Figure 3 , Figure S3 ). Indeed, the total elongation was 180 independent of the relative time cells spent in elongation and constriction phases, with the 181 exception of fosfomycin-treated cells (Figure 3 ), generally consistent with an "adder." 182
Consequently, the variance in the total elongation was lower than the variances in elongation Figure S3 ).
196
What could be the mechanism for this compensation? Elongation rate and constriction 197 rate together determine elongation during constriction. Compensation could occur if cells which 198 elongate less before onset subsequently elongate more rapidly or constrict more slowly. 199
However, elongation rate during constriction did not negatively correlate with elongation before 200 constriction ( Figure S4A ). To better understand constriction dynamics, we examined single cell 201 waist widths as a function of relative duration of constriction ( Figure 4A ). Cells which elongated 202 more before constriction also spent relatively less time constricting, indicating a higher overall 203 constriction rate. The converse was true for cells which elongated less before constriction, 204 confirming that constriction rate was behind the compensatory effect. Single cells constricted 205 with increasing rate until division; thus, we defined two rates, corresponding to early and late 206 constriction ( Figure S4B ). Interestingly, early instantaneous constriction rate correlated 207 positively with elongation before constriction, but late rate did not ( Figure 4B are synthesized in the cell volume, at a volume-dependent rate, while being depleted as they 215 become integrated into the cell wall (Supplementary Note 1). Using this model and 216
experimentally measured cell contours to estimate the changes in surface area (DA) and 217 volume (DV), we calculated the excess precursor area (Aexcess) at the onset of constriction (Tc) 218
for individual cells at onset of constriction: 219
Here, áñcell cycle refers to the value averaged over the cell cycle. Since it took on average 30 221 minutes to set up each experiment, we underestimated the volume and area at birth, leading 222 to an offset toward negative estimated precursor excess ( Figure 4D ). However, we expect the 223 trends to be insensitive to this shift. 224 225 
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N>=200 for each strain. (E) Schematic of size regulation in C. crescentus with mixed modulation of 235 constriction onset and rate. Magenta parts of the cell contour represent lateral elongation, and cyan 236 parts represent septal elongation. Later onset leads to higher PG precursor excess, which drives more 237 rapid initial constriction (dashed trajectories), and vice-versa (see also Figure S4 ).
239
To explain our data, we speculate on a parsimonious model in which PG precursor 240 excess also sets the rate of PG remodeling at the constriction site, and therefore the rate of 241 constriction: the higher the excess the shorter the constriction duration. Indeed, we observed 242 a negative correlation between rate of constriction and estimated excess PG precursor for WT 243 and FtsW**I* cells ( Figure 4D , Figure S4 ). Furthermore, as the new cell poles are built, the 244 excess PG precursor should diminish, leading to a decreased creation of area per time. This 245 is indeed what we observe (supplementary note 2), consistent with models of constriction rate 246 in E. coli [14] . Fosfomycin inhibits PG synthesis, so we can no longer use the same 247 mathematical expression to estimate precursor excess, since the activity of fosfomycin would 248 introduce an extra depletion term. Interestingly, within our model this should lead to a slower 249 constriction, consistent with our observations ( Figure 2C ). Although we have posed the 250 regulatory factor to be PG precursors, this remains controversial because there is only indirect 251 evidence for their role. Any "X-factor" regulatory molecule for constriction rate following the 252 functional relationship described for surface area and volume would fit within the model we 253
suggest. 254
Discussion 255
Salmonella, E. coli and B. subtilis coordinate their cell size with nutrient availability, 256 perhaps to allow sufficient room for multi-fork replication [4, 29, 30 ]. C. crescentus shows no 257 such adaptation [19, 31] , and how its size is modulated has remained a mystery. Our findings 258
show a clear contribution to cell size control from growth during the final constriction stage of 259 cell cycle. Modulation of constriction dynamics changes the overall length of cells, in a manner 260 which has implications for cell shape. In the hypothetical case of extremely rapid constriction, 261 the cell length would be set almost entirely by the growth during the pure elongation stage, 262 leading to short cells with blunt poles. By modulating constriction onset and rate together 263 ( Figure 4E ), cells may arrive at a variety of pole shapes, an unexpected control mechanism for 264 bacterial cell shape. 265
Intriguingly, the cell wall itself can have differential properties at the division site. In B. DipM is recruited to the division site by its PG binding LysM domains, suggesting a distinct PG 271 chemistry [32-34] . Consistently, we observed a reduction in staining by wheat germ agglutinin 272 (WGA) at midcell for later stages of the cell ( Figure S4I) [37]. Since cells were fixed prior to 273 staining, this implies a difference in the chemistry of the division site, but confounds the 274 interpretation of WGA staining in living cells [20] . We expect that in future studies it will be 275 important to use fluorescent cell-cycle markers in conjunction with fluorescent D-amino acids 276 thus may act as a part of a responsive machine. Since, for individual cells, elongation proceeds 286 exponentially with a single rate constant even as PG precursor excess is predicted to increase 287 over cell cycle, the elongation machinery is presumably relatively insensitive to changes in PG 288 precursor amounts. By coupling the elongation machinery to the PG precursor-sensitive 289 constriction machinery, the cell may have arrived at a simple means of compensating for 290 fluctuations in elongation during different phases of the cell cycle. This compensation still has 291 its limitations as we observed in the case of FtsW**I* ( Figure S3B ); in the case of large 292 elongation before onset, cells must still elongate by a minimum amount during Z-ring 293 maturation ( Figure S2H ) and constriction. In the future, it will be interesting to identify the 294 molecular partners responsible for constriction rate modulation and PG sensing, and to 295 experimentally investigate the mechanism behind compensation of elongation. 296
The authors would like to thank Jan Skotheim and Devon Chandler-Brown for critical reading 298 of the manuscript, Manley lab members and Collier lab members for helpful discussions, and 299 the Thanbichler lab for plasmid gifts. Figure 1 . and methods. Image analysis workflow. Cell shape dynamics and fluorescence measurement A robust semi-automated pipeline was developed to identify, track and measure shape parameters (length, width, waist width) of hundreds of cells imaged in time lapse movies over the all cell cycle. Also distributions of the variables and correlations between variables were analyzed using this pipeline.
Drift correction
To simplify the tracking of cells over time, the time-lapse videos were drift-corrected using the Fiji plugin "Descriptor based registration (2d/3d + t)" [1] . The dual-color experiment, registration of both channels was performed based on the drift observed in the red-channel (561nm).
sDaDa: a software package for supervised segmentation and measurement of bacterial images
The quantitative image analysis of the cell shape dynamics and of their fluorescent signals was performed with our custom-made software package called sDaDa (Shape Dynamics Automated Data Analysis). sDaDa is an open source MATLAB-based program for time-lapse dual color images of bacteria (FtsZ-GFP, FtsW-GFP (green channel) and mCherry-MTS2 [2] (red channel)).
The program takes as input the time-lapse images stack (each superresolved image with a size of 1024 pixel x 1024 pixel; 30 nm /pixel), the camera parameter (i.e. pixel size) and a set of experimental parameters (i.e. starting time, time interval between two consecutive frames, the field of view (FOV)). The program outputs a data structure containing all the measurements of each cell at each frame and a set of figures with the results of the measurements.
The description of the main features of the sDaDa program and of the general steps in a typical pipeline ( Figure S1 ) are presented below.
The main pipeline stages of the software are (1) image segmentation and first edge detection guess, (2) cell tracking, (3) edge detection refinement and shape parameters measurement, (4) divisome ring identification (5) shape parameters correlation analysis and outputs display.
More specifically, the segmentation step (1) is based on two processes: the first is based on the Otsu's thresholding method [3] to distinguish background pixels from foreground one; the second group together a set of pixels by seeing which pixels are connected to each other. The Otsu's method sets a proper threshold via maximizing the inter-class variance of the bi-modal histogram of the pixel intensities (foreground pixels and background pixels). Connected pixels that have a signal value higher than the threshold are tagged with the same number and identify as part of a cell only if they form an area bigger than 0.5 µm2. We used two built-in MATLAB functions (graythreshold() and bwlabel()) for Otsu's image thresholding and to identify each individual cell.
A microbeTracker function named model2mesh.m defines the first cell contour guess starting from the edge detection performed with buit-in MATLAB functions bwperim()and bwtraceboundary()). The model2mesh function retours two semi-contours, corresponding to the 'left' and 'right' sides of the cell. From the two semi-contours, the bacteria poles (the two farthest apart points on the contour) and the centerline (the average of the two half contour parts) can be easily identified.
Within the segmentation stage, the cell shape search, control and refinement is done thanks to an interactive tool.The user has several tools inspired by the MicrobeTracker [4] approach to manipulate the region, such as removing parts, joining two regions, smoothing, expanding. The user can also choose to delete the current time point of the cell or to mark the cell as divided, after which it will no longer be followed.
In order to track the same bacteria in successive frames (step (2)), the program performs a search based on a spatial analysis. The area and the barycenter position belonging to a cell in one frame is compared with the spatial distribution of pixels belonging to the possible corresponding cell in the following frame. The two regions correspond to the same cell if the difference between these two spatial distributions is lower than a user-defined tolerance parameter. The tracking search stops when the cell divides or when one region does not pass the search criteria. The FtsZ and FtsW divisome assembly time (TW and TZ) is determined by monitoring the intensity profile along the centerline length over the cell cycle (step (4)). TW and TZ are the moments at which FtsZ and FtsW fluorescence signals reach their maximum intensity at the midcell.
The segmented regions, containing a well-identified cell, can therefore enter the second stage (3) where the program extracts and accurately measures the shape parameters described below. The diameter is measured by taking perpendicular slices of the bacteria image along its centerline length. Using the intensity profile along each slice, a histogram with two maxima corresponding to the cell edge will define the diameter. The intersection of the histogram with a line parallel to the abscise axis at half maximum high, identify up to four abscises (two for each maximum). The diameter is the difference between the two furthest apart abscises. Repeating this procedure for each slice of the bacteria, the diameter profile as a function of the length could be achieved ( Supplementary Fig. 2) . The minimum between two maxima of the diameter as a function of the length will then define the measure and the position of the constriction site. As a consequence, the waist width will be easily defined: the ratio of the width of the constriction site and the maximum diameter along the cell. Lastly, the length is measured by calculating the arc length of the centerline.
The program examines the temporal evolution of the length and the waist width for all single cells detected in a time-lapse experiment. From these curves, it extracts the elongation rate, the length at birth (LB) and the division time (TG). The onset time TC and the duration of the constriction are measured as explained in the Methods "Parameter definition" section.
The volume and the surface area of a cell are estimated based on the measured widths along the length of the bacterium. The width versus the length profile is first smoothed using a spline function, to filter out the noise that would inflate the surface area estimation. The bacterium is assumed symmetric along its central axis. Therefore, assuming cross-sections perpendicular to the axis are circular, the volume and surface area can be computed by treating the measured 'segments' of the bacterium as a series of conical frusta.
The last stage (5) provides a set of statistical tools to study the correlations between the parameters extracted and to measure their average and variance. The user can generate a scatter plot for each possible couple of parameters combination (e.g. the scatter plots in Figure 3 ). Moreover, the user can generate a violin plot for each parameter to inspect its statistical distribution over the entire population (e.g. the violin plots in Figure 2 ). To conclude the program computes the correlation coefficient of each couple of parameters.
Analysis of cell poles was performed using the Celltool software package ( [5] ; http://zplab.wustl.edu/celltool/). Image-derived cell shapes were converted into parametric spline curves [5] , and centerlines were fit to each cell shape (as described in [6] ), again using Celltool. Cell poles were defined as the position on the cell outline closest to the ends of the centerline, and the curvature at that position was calculated from the first and second derivatives of the parametric spline x(t), y(t): curvature = (x′y″ -y′x″)/( x′ 2 + y′ 2 ) 3/2 , where prime and double-prime represent the first and second derivatives, respectively. The "pole regions" used for PCA shape analysis were defined as all points within distance d from each endpoint, where d was set to 5% of the total cell perimeter (so 20% of the cell boundary was counted as one pole or the other). Principle modes of pole-shape variation were computed with Celltool, as previously described [5] .
Supplementary Note 1. Related to Equation 1. Estimation of excess peptidoglycan precursor.
The assumptions and derivation are based on the work of Harris and Theriot [7] Assumption 1: Peptidoglycan precursor (P) production is proportional to the cell volume (V).
= (1)
With being the rate constant of P production per unit of V, we assume is constant over the cell The total rate of change in precursor is then:
The amount of PG precursors produced between cell birth and an arbitrary time in the cell cycle, 8 , is calculated as follows, using exponential Volume growth: Alternatively:
With ∆ , ∆ and ∆ being the increase in P, V and A respectively. ∆E F is the excess precursor expressed as the surface area that could be built with it. G @F Expresses how volume growth results in production capacity of surface area. To find its value, we can use a third assumption: over a cell cycle, between birth and division of a cell, the amount of precursor that is produced equals the amount that is used, or the net production of precursor is zero:
If we apply (6) to (5), we get:
At the onset of constriction, when = Q , this can be written as:
Note that ∆E F = K8AKNN describes the excess precursor as the amount of surface area that could be built with it.
Supplementary Note 2. Related to Figure S4. Empirical Constriction model.
To access we used an empirical model for constriction rate [8] :
Where D(t) is the diameter of the constriction site in function of time, t, while D0 is the diameter at constriction onset, ( ) > U is the normalized waist width. TC is the time at constriction onset, while TG is the time when constriction and the cell cycle finishes. TG-TC is the duration of constriction. α is a variable reflecting the change in constriction rate. For constant constriction rate α equals 1, for a constant buildup of the area of hemispherical poles, α equals 2. Average values for α were 1.4 for the WT and 1.5 FtsW**I, suggesting cell wall remodeling rate slows down.
Supplementary Movies
Movie S1. Representative time lapse SIM of C. crescentus wild-type.
Inner membrane (mCherry-MTS2, red), FtsZ (FtsZ-GFP, green), replayed at 10 frames per sec, one frame was recorded every 5 min.
Movie S2. Representative time lapse SIM of C. crescentus FtsW**I*.
Movie S3. Representative time lapse SIM of fosfomycin-treated C. crescentus.
Inner membrane (mCherry-MTS2, red), FtsZ (FtsZ-GFP, green), replayed at 5 frames per sec, one frame was recorded every 10 min. , in function of elongation before constriction. Early constriction rate is defined as the having a normalized waist width between 0.9 and 0.6. (F) Late constriction rate, from the fit to the empirical constriction model, in function of elongation before constriction. Late constriction rate is defined as having a waist width between 0.6 and 0.3. (F) WT: r = 0.11, p-value=0.13, FtsW**I*: r = 0.20, p-value=0.03. (G) Heatmap of correlation coefficient between elongation before constriction and constriction rate, in function of over which portion of constriction the constriction rate is calculated. As in (E) and (F), the correlation between elongation before constriction and constriction rate was calculated. This was repeated for the constriction rate during various sub-periods of the constriction process, defined by the normalized waist width at the "start" and "stop" of the sub-period. (H) Same as (G), but for FtsW**I*. Dark lines in (B, C, E and F) represent the 20 cells moving average; the shaded zones represent the moving standard deviation. Extreme outliers, deviating by more than two standard deviations have been omitted for the calculation of the moving average (I) STORM image of fixed C. crescentus cells stained with fluorescent wheat germ agglutinin. Left panel 100 by 100 microns field of view of fixed C. crescentus cells stained with fluorescent wheat germ agglutinin, Right panels: Magnified views of the bacteria colors correspond to the area selected on the left panel. We used WGA-Alexa647 conjugated dye to stain C. crescentus cell wall. Scale bars 10 µm (Left panel), and 1 µm (Right 4 panels).
